Dermatophytes are a group of fungi that can invade keratinized tissues of humans and other animals and produce an infection called Dermatophytosis. As chitosan possesses antimicrobial activity, it can potentially be used to treat dermatophytic infections. The main objective of this work was therefore, to evaluate the antifungal activity of chitosan upon some dermatophytes, namely Microsporum canis and Trychophyton rubrum. In view of this, Minimum Inhibitory (MICs) and Minimum Fungicidal Concentrations (MFCs) of chitosans upon the fungi were determined. Moreover, in order to understand the effect of chitosan on fungal activity, hair was infected with these fungi in the presence and absence of chitosan and Scanning Electron Microscopy (SEM) images were obtained and analyzed. Lastly, keratin-azure was used as substrate to evaluate the effect of chitosan on keratin degradation by M. canis and T. rubrum. The results showed that chitosan possesses antifungal activity against T. rubrum and M. canis, presenting MICs and MFCs ranging from 1.1 to 2.2 mg/mL. The antifungal activity of chitosan is concentration dependent. The analysis of SEM images of hair infected with these dermatophytes revealed that chitosan seems to have a protective effect on the hair, reducing the extent of damage when compared to the control. Chitosan also displayed important activity in preventing proteases' action and in preventing hair damage. Based on the obtained results, it's possible to conclude that chitosan showed relevant antifungal activity against dermatophytes, which opens good prospects to the use of chitosan as an alternative for the conventional fungal treatments.
Introduction
Dermatophytes are a group of fungi with the ability to invade keratinized tissues of humans and other animals and produce an infection called Dermatophytosis [1] . These fungi are classified in three anamorphic genera, Epidermophyton, Microsporum and Trichophyton [2] .
Dermatophytosis is the most common fungal infections worldwide, affecting millions of people annually. Conventional treatments consist on oral and topical antifungals. The topical antifungals should penetrate the skin and remain there in order to suppress fungal growth [4] . Sometimes, oral antifungals are required as it is verified for Tinea unguim and Tinea capitis cases.
However, the control of dermatophytic infections requires prolonged therapy, and the existing drugs used for long periods seem to exhibit side effects [5] . Besides that, some studies suggest that a 4-week treatment with terbinafine is insufficient for Microsporum infections [6] . Additionally, some of these drugs have been showing growing resistances as in the case of terbinafine [7] , fluconazole, itraconazole, amphotericin B, griseofulvin [8] , among others. Thus, there is a demand for new drug formulations for long-term use that are biocompatible, without side effects and resistances.
Chitosan as a natural antifungal agent could be an alternative to traditional treatments. It is a cationic polysaccharide composed of β-1,4 linked D-glucosamine and N-acetyl-D-glucosamine residues [9] and only occurs naturally in some fungi (Mucoraceae). This polymer has proved to be non-toxic, biodegradable, biocompatible, and to possess several biological properties, including an antimicrobial activity [10] .
However, there are only a few studies focusing on the efficiency of chitosan in dermatophytes and those studies only refer to the determination of chitosan Minimum Inhibitory Concentrations (MICs). So, the main aim of this work was to evaluate the antifungal activity of high, medium and low molecular weight chitosans upon some dermatophytes as well as to demonstrate chitosan's efficacy on the inhibition of some virulence factors produced by these fungi during infection. 
Materials and Methods

Test organisms and media
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Chitosan preparation
High, medium and low Molecular Weight chitosans (MW) were obtained from Sigma-Aldrich. High Molecular Weight (HMW) chitosan presented a Deacetylation Degree (DD) > 75% and a MW of 624 kDa; Medium Molecular Weight (MMW) chitosan presented a DD between 75 and 85% and a MW of 591 kDa; Low Molecular Weight (LMW) chitosan presented a DD between 75 and 85% and a MW of 107 kDa.
Chitosan powders were dissolved in a 0.5% (v/v) acetic acid solution and left stirring overnight until it had a gel-like consistency. Then, the pH was adjusted to 5.6 with 5 M NaOH and autoclaved at 120°C for 15 min.
Determination of minimum inhibitory concentration by microdilution method
The three chitosans were tested against M. canis and T. rubrum. In order to determine MICs of the chitosans, the method described by Galupi et al. [11] was used with some modifications. Inocula were prepared by covering the cultures grown in DTM agar with 0.1% tween 20 (Sigma) solution and the colonies gently scraped from the surface with the tip of a glass Pasteur pipette. Spores in the inocula were counted with a Neubauer chamber and the concentration was adjusted to 10 6 spores/mL. After that, the chitosan solutions were diluted in DTM. Five different dilutions of each chitosan ranging from 8.75 to 0.1 mg/mL were made and all of them were added in triplicate to a 96-well microplate. The chitosan concentrations tested are indicated in Table 1. A positive control and a negative control were used. Additionally, chitosan solutions alone (to control sterility) and acetic acid with medium and inoculum were also used as additional controls. The microplates were incubated at 25°C for 14 d. The MIC was defined as the lowest concentration where no growth was observed. MFCs were determined by inoculating DTM plates with 100 µL of sample from the wells where no growth was observed. These were incubated at 30°C during 14 d. MFC was defined as the lowest concentration in which no visible growth was observed.
Hair infection-Scanning Electron Microscopy
Preparation of conidia and infection of human hair: T. rubrum and M. canis were cultured on DTM agar for 14 d. The inocula were prepared as described above with the spore concentration adjusted to 10 6 spores/mL. Human hair was obtained in a hairdresser and cut into 2 cm long pieces, washed and sterilized with a chloroform-ethanol 1:1 solution at room temperature for 2 h as suggested by Kanbe and Tanaka [12] . Five treatments were prepared in sterilized tubes all of them containing 50 mg of hair: negative and positive controls and treatments with the 3 types of chitosan. The negative control included 20 mL of KH 2 PO 4 buffer; chitosan treatments included buffer and previously determined sub-MICs for each fungus and type of chitosan -0.6 mg/mL of HMW chitosan; 0.08 mg/mL MMW chitosan for both fungi, and 1.1 mg/mL LMW chitosan for T. rubrum and 0.6 mg/mL for M. canis. Then, 200 µL of the spore suspension was added to each tube except for the negative control tubes.
Two replicates for each fungus, treatment and sampling time were prepared and incubated in a shaker incubator at 80 rpm (27°C). Hair infected with each fungus was collected after 1, 2 and 3 weeks of incubation and observed by Scanning Electron Microscopy (SEM).
Scanning electron microscopy
The specimens were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2-7.3), overnight. Then, the fixed sections were rinsed three times in cacodylate buffer solution (pH 7.3) for 10 min and dried in a graded ethanol series, e.g. 10, 30, 50, 70, 80, 90 and 100%, 15 min. The samples were mounted onto cover slips and coated with gold, after which they were observed in a scanning electron microscope (Jeol 5600LV, Tokyo, Japan) operated at 20kV.
Keratin degradation test
Low, medium and high MW chitosans were added to sterilized, basal medium (BM, as described in Scott and Untereiner [13] ) at 1.1 mg/mL, 0.8 mg/mL and 0.6 mg/mL, respectively for T. rubrum and 0.6 mg/mL, 0.8 mg/mL and 0.6 mg/mL for M. canis in tubes. Finely chopped keratin azure was suspended to a concentration of 4 mg/mL in basal medium, autoclaved and added aseptically into each tube (1 mL overlay).
The tubes were incubated at 25°C and observations were made after 1, 2 and 4 weeks of incubation. Controls included a negative control and a positive control.
In plates containing DTM and chitosan, 3 pieces of keratin azure were distributed and inoculated with 100 µL of the fungal suspension. After 4 weeks of incubation, a small piece of keratin azure with the fungus from each plate was placed in a glass slide and stained with lactophenol cotton blue for observation of the fungal structures. The samples were observed in an optical microscope (400x).
Results
Determination of chitosan antifungal activity
MIC determination by microdilution method:
The MICs of high, medium and low MW chitosans towards T. rubrum and M. canis were determined and are presented in Table 2 . The MICs values were the same for HMW (1.3 mg/mL) and MMW (1.6 mg/mL) chitosans for both T. rubrum and M. canis. With LMW chitosan, significant differences were observed for both fungi, where T. rubrum required twice as much chitosan to be inhibited when compared to M. canis. So, the chitosan that showed the best inhibitory effect for M. canis was the LMW chitosan (1.1 mg/mL) whereas high HMW chitosan was the chitosan with the best inhibitory effect towards T. rubrum.
Minimum Fungicidal Concentration (MFC) determination:
Besides MICs determination, MFCs were also determined for T. rubrum and M. canis (Table 2) . MFC values of 1.3 mg/mL for HMW chitosan for both fungi, 1.6 mg/mL for MMH chitosan for both fungi and 2.2 mg/mL for LMW chitosan for T. rubrum and 1.1 mg/mL for 
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Inhibition of keratinolytic activity in hair model
Samples were collected after one, two and three weeks of incubation and submitted to SEM analysis. Through this analysis, it was possible to see the morphological changes occurring when hair was infected with dermatophytes.
In Figures 1 and 2 , images of hair infected with T. rubrum and M. canis, respectively and treated with the tested chitosans can be observed. Several stages of infection can be observed in the positive control images confirming the infection progress for each fungus.
In the case of T. rubrum, after one week of incubation ( Figure  1C ), the hair still showed normal appearance. Damage caused by the fungus was minimal as the hair presented only a few abnormalities. In the second week of incubation, the regularity of the cuticle was altered in some areas and the hair seems to be bumpy. Finally, after three weeks of incubation, the hair was completely destroyed.
In the case of HMW chitosan treatment, after one week of incubation ( Figure 1E ), no degradation was apparent. The precipitatelike structures arranged in the uppermost layer of the hair do not seem to be fungal structures, but precipitated chitosan. The same pattern is visible in the second week of incubation. After 3 weeks of incubation, the hair showed evidence of damage on the surface, however very reduced in extension when compared with the positive control.
In the MMW chitosan treatment, after one week of incubation, the hair looked normal and the only abnormality observed were darker spots resembling holes. The hair also presented chitosan precipitates. In the second week of the experience, the hair showed a few more holes and very few cuticle cells were raised. At the third week of incubation, the hair was only slightly degraded when compared with the positive control for the same time period.
In the first week of incubation, LMW chitosan-treated hair presented a structure that resembled a protection film on the surface. After two weeks of incubation, a few holes were visible, with a slight abnormal pattern of the cuticular cells. At the end of experience, the hair showed damage signs in particular some holes and raised peeled cells but in smaller extension; the existence of chitosan precipitation is also evident.
In samples infected with M. canis, only after one week of incubation ( Figure 2C ), the hair already showed visible signs of damage since an abnormal pattern of the cuticular cells was clearly visible. In the second week of incubation, spores and hyphae were visible on the cuticular layer and the fungus destroyed the upper layers of the hair. At the end of the experimental time, the hair was greatly disintegrated confirming the infection progress.
In the case of HMW chitosan treatment, at the end of the first week ( Figure 2E) , the hair showed a normal appearance. After two weeks of incubation, a similar result was observed. At the last week of the experiment (Figure 2F ), chitosan precipitates were evident, but, this time, a shadow as a hole can be observed suggesting slight fungal activity. 
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Copyright  Tavaria FK For MMW chitosan treatment, after one week of incubation ( Figure 2G ), despite the treatment with chitosan, M. canis was able to form fungal structures. Alongside with the presence of chitosan precipitates, cuticle cells of the hair were slightly raised and few of them were peeled off. Very few holes were also visible. After two weeks of incubation, the hair presented perforating organs that were larger in size. Chitosan precipitates could also be observed. After three weeks of incubation ( Figure 2H ) the hair was quite damaged, the regularity of the cuticle was altered in some areas and the fungus started to invade inner layers. However, the effect of M. canis infection was quite delayed and reduced when compared with the control.
In the case of LMW chitosan treatment, in the first week of incubation, the hair did not show any sign of fungal infection and it's possible to observe precipitates in the uppermost layers ( Figure  2I ). After two weeks, fungal spores were visible on the cuticle and very few perforating organs and chitosan precipitates could also be observed. At the end of the experiment, the hair seemed to be covered by a chitosan film with precipitates that may protect it from fungal invasion.
Based on these results, it is evident that chitosan can efficiently reduce the effects of a dermatophyte infection in human hair, since the hair was less damaged. However, HMW chitosan showed to be the most efficient in preventing hair degradation by both fungi.
Effect of chitosan on virulence factors
Keratin degradation test:
In this test, keratin-azure was used as the only protein source in the medium. Keratin-azure is a blue compound that becomes colourless upon cleavage [16] . When degraded by keratinolytic fungi, the blue dye is released into the culture medium. The migration of the azure dye is a measure of the keratin degradation ability by the keratinolytic fungi. Chitosan present in the culture medium is expected to lower the azure dye release into the medium. Samples with T. rubrum did not show dye release in any of the treatments with chitosan and presented a weak release in the positive control. However, M. canis showed an abundant dye release in the positive control tube because it produces perforating bodies. M. canis presented dye release in chitosan-containing tubes, but this effect was weaker than that observed in the positive control, with shorter migration of the azure dye. No dye release or fungal growth was observed in the negative controls.
Because M. canis showed a different dye release when exposed to the three types of chitosans, the distance travelled by the dye released from the keratin was measured after one, two and four weeks of incubation (Figure 3 ). An increase in the migration of azure dye could be seen in the positive control, directly proportional to the incubation time corresponding to a linear relation (R 2 = 0.99) between the displacement of azure dye (ca. 1.5 cm) with the degradation rate (0.5, assuming as the slope). The azure dye released is probably dependent on the growth and maturity of the fungus. Thus, at longer incubation times, more azure dye will be released. It is apparent that chitosan interfered with keratin degradation. All chitosans tested were able to prevent keratin degradation, since the distance travelled by the released dye liberated at the end of the experiment time is approximately the same as observed in the positive control after one week of incubation (0.3-0.4 cm).
The displacement of azure dye release with HMW chitosan treatment only slightly increased during the incubation time up to a maximum of 0.3 cm after four weeks of incubation, that corresponds to a linear relation (R 2 = 0.96) between the incubation time and the displacement of azure dye presenting a rate of degradation of ca. 0.10. On the other hand, for the MMW chitosan, the migration of azure dye increase up to 0.35 cm, after one week of incubation but remained constant until the end of incubation time. Regarding LMW chitosan treatment, the migration of azure dye increase linearly up to 0.45 cm by two weeks of incubation (presenting similar values as control for one week) but remained constant until the end of incubation time.
Although it is apparent that MMW chitosan seems to be the less efficient chitosan in preventing keratin degradation, since the initial rate is higher, in fact all the chitosans led to similar and significant inhibition of migration (corresponding to inhibition of keratin degradation) after 4 weeks of incubation when compared with control, corresponding to a reduction of 70-77% of azure dye displacement. So, all MW chitosans seem to be equally efficient in preventing keratin degradation by M. canis.
Keratin degradation test-microscopic analysis:
In order to verify the existence of a relationship between the analytical data and the 
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The following Figures 4 and 5 show keratin-azure threads infected with both fungi and treated with chitosan. Positive control and negative control images are also depicted for both fungi.
For T. rubrum, the positive control observed by optical microscopy shows fungal hyphae around the keratin-azure fibre, but no signs of fungal destruction were evident. However, analysis of SEM images allowed the observation of some holes in the fibre surface. No other sign of fungal infection was visible. In MMW chitosan treatment (Figure 4C ), the fungus it´s located on the top and around the keratin-azure fiber not causing any visible damage. With HMW chitosan (results not shown) the fungus seems to organize itself around and on the top of the keratin-azure not causing the fiber's degradation. This is even more remarkable in SEM image as it´s possible to observe some fungal spores on the keratin-azure fiber. Additionally, the number of holes caused by the fungus is lower than that observed in the positive control.
In the case of M. canis, large masses of fungal mycelium could be observed for the positive control ( Figure 5B) , which was quite different from the negative control. These differences were even more apparent in SEM images where severe damage of the fibres, including holes, can be observed. In the MMW chitosan treatment, it is possible to observe some fungal hyphae and spores ( Figure 5C ). They are located on top and around the keratin-azure, but no sign of degradation is visible. In the SEM image ( Figure 5F ), an intact keratin-azure fiber with fungal spores on the top was observed.
Discussion
It is believed that chitosan's cationic nature and high molecular mass helps in its antifungal action, since it interferes with negatively charged residues of macromolecules on the fungal cell surface, thus causing changes in cell membrane permeability [17, 18] . It can also prevent DNA transcription to RNA [15] .
Some authors [15] mention that antifungal activity of chitosan is MW dependent and that LMW results in stronger antifungal activity. In this work, this relation was only verified for M. canis, while for T. rubrum this was not the case, since HMW chitosan showed smaller MICs. These results can be explained by the fact that antifungal activity is dependent on the fungi; these can interfere with antifungal activity of a drug due to its adaptation and defense mechanisms to stress, affecting the structural integrity of the cell wall or inducing the synthesis of defense compounds [19] .
Other authors refer that inhibitory action of chitosan is directly proportional to the concentration because at higher concentrations of chitosan, fungi will produce higher concentrations of chitinase and this leads to the degradation of chitin and chitosan of fungal cell walls [15] . Additionally, chitosan also possesses the ability to prevent spore germination. In fact, chitosan can interfere with the uptake of minerals, particularly Ca 2+ and nutrients, thereby delaying the spore germination process [20] .
Therefore, the antifungal activity of chitosan against T. rubrum and M. canis was proven. Balicka-Ramisz et al. [21] also studied chitosan antifungal activity upon dermatophytes. They obtained a MIC value of 1.1 mg/mL for M. canis using chitosan with a DD degree greater than 80% and a MW in the range of 4.0 × 10 5 to 5.0 × 10 5 , corroborating the MIC value obtained in this study for LMW chitosan for the mentioned fungus. These authors also determined the MIC of chitosan for another dermatophyte fungus, T. mentagrophytes and reached the value of 2.2 mg/mL. Although MIC values for this species were not determined in this study, the MIC value obtained by these authors for this fungus is the same as the one determined in this work for T. rubrum when treated with LMW chitosan; and although the DD degree of the chitosan used was very similar to the DD degree used in this work, the MW is quite different. However, the MIC values obtained in this work for LMW chitosan were the same.
When chitosan is not at least at MICs, lower concentrations cannot completely inhibit fungal growth, but could inhibit some of the virulence factors like keratinolytic enzymes and prevent the infection or control its progression. Samples infected with T. rubrum and M. canis were degraded by these fungi but presented some differences according to the infectious agent. These ultra structural differences of the hair when infected with different dermatophytes could be explained by differences in keratin degradation. In fact, T. rubrum causes flat erosions of the hair surface [22] , while M. canis produces radial penetration [14] . These different processes during hair infection may help explain why the hair infected by T. rubrum seems to be less degraded, since flat erosion is a gradual form of hair destruction unlike radial penetration.
Hair samples infected with fungus and treated with chitosan were evaluated for the first time in this work. Although some authors reported the stages of infection of the hair when infected with dermatophytes, no antifungal treatment was applied to the hair until now. The antifungal effect of chitosan upon virulence factors production was studied through a keratin degradation test. T. rubrum presented a weak release in the positive control tube, probably because this fungus does not produce perforating bodies. According to Scott and Untereiner [13] , T. rubrum cannot degrade keratin-azure and release the azure dye into the culture medium. On the contrary, M. canis showed an abundant dye release in the positive control tube because it produces perforating bodies. Scott and Untereiner [13] also mentioned that the density of growth did not appear to be correlated with the degree of dye release. In the present study, this fact was also verified because T. rubrum presented substantial growth but the dye release was very weak or even absent, while Microsporum canis, showed abundant growth with significant dye release. 
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